Purpose This paper explores the potential to simplify the life cycle assessment (LCA) process for a hydropower (HP) system, without significantly compromising the accurate representation of environmental burdens. Taking five HP case studies, two questions were addressed: (i) Does a 1 % materiality threshold capture at least 95 % of the key environmental burdens from cradle-to-operation? (ii) What is the effect of applying a materiality threshold based on the global warming potential (GWP) indicator for capturing other environmental impacts? Methods A comprehensively detailed inventory database was developed for five modern small-and micro-HP case studies (50-650 kW), representing run-of-river and water supply infrastructure installations from the UK and Ireland. Following ISO 14040 standards, the environmental burdens were quantified for these HP projects. Normalised results were compared against a natural gas combined cycle power plant (NG-CCP) reference system for marginal grid electricity generation.
Introduction
Globally, significant expansion in the renewable energy sector has been evident in recent years (REN21 2014). The International Energy Agency (IEA) recognise that renewable energy contributions to global energy demands have trebled since the 1970s (IEA 2014), with 8 % growth estimated for electricity generation from renewables between 2012 (REN21 2014 . This trend is predicted to continue; e.g. Bódis et al. (2014) highlighted the potential growth of hydropower (HP) in particular, recording 28,000 unexploited HP sites across Europe. In addition to providing renewable energy, REN21 (2014) outlined other factors that have driven growth in the sector: energy security, job creation, reducing air pollution and mitigating GHG emissions. International support has been evident through new government policies, continued investment and the mapping of untapped resources, most notably in developing countries (IEA 2014; REN21 2014) .
Life cycle assessment (LCA) is a method of quantifying the environmental burdens for a product or service through its life cycle. LCA results for different types of hydropower systems have been reported by Raadal et al. (2011) to be between 0.2 and 152 g CO 2 eq./kWh, which is notably lower than the 352 g CO 2 eq./kWh for the current grid mix of electricity generation across Europe (Defra 2014) . More recently, runof-river HP projects have presented consistently low carbon footprint results of 5 to 10 g CO 2 eq./kWh (Gallagher et al. 2015a) , which is similar to the subset of similar HP installation included in the results by Raadal et al. (2011) . Such results are critically dependent upon the quality of reported data, the adopted materiality threshold and the selected system boundaries (Curran 2013) .
The majority of the environmental burdens for a renewable energy system are embodied in the construction stage as opposed to the operational stage for fossil fuel energy systems (D'Souza et al. 2011; Suwanit and Gheewala 2011; Guezuraga et al. 2012; Axpo Kleinwasserkraft 2014) . LCA provides a rigorous framework for comparison of these systems with fossil fuel electricity generation (Raadal et al. 2011) , although company carbon footprinting standards such as PAS 2050 exclude the need to report embodied greenhouse gas (GHG) emissions in the capital equipment of a project, such as a renewable energy system or any fossil fuel-based power station (BSI 2011) . To accurately report the environmental burdens for any system, such as a renewable energy installation, a detailed database of raw materials and natural resources needed to construct these projects is essential (Chomkhamsri and Pelletier 2011; Curran 2013) .
In practice, there is an often an implicit balance between effort, completeness and robustness of results; often, the effort of accounting for a multitude of minor inputs, such as, e.g. paint on a power station, is not worth the marginal improvement in completeness and may not significantly affect the robustness of results. With respect to inventory data compilation, the ISO 14044 guideline for LCA (ISO 2006) states that Bdecisions on cut-off criteria should be made to include inputs that contribute more than an additional defined amount of the estimated quantity of individual data of the product system that are specially selected because of environmental relevance^. In other words, these guidelines state that cut-off criteria for inventory inclusion should be based on environmental relevance, but do not propose any specific thresholds. Various product-specific LCA guidelines exist that can facilitate development of a complete inventory based on previous experience of materially significant components (Turner and Kraus 2011) . The International Environmental Product Declaration system proposes such guidelines for some products, specifying which processes and materials should be accounted for (Envirodec 2015) . However, some carbon footprint guidelines do propose specific cut-off thresholds, which are the focus of this study. The PAS 2050 carbon footprinting standard (BSI 2011) specifies that all emission sources above a 1 % materiality threshold should be assesseddefining a Bmaterial contribution^as a Bcontribution from any one source of GHG emissions of more than 1 % of the anticipated total GHG emissions associated with the product being assessed^.
A number of publications have undertaken LCAs of hydropower installations, though published details regarding why specific environmental burdens (impact categories) and cutoffs (materiality threshold) were selected are limited. Studies by Varun et al. (2008) , Hondo (2005) and Gagnon and van de Vate (1997) present results for global warming potential (GWP), i.e. greenhouse gas emissions (CO 2 eq.). Some of these studies also present energy balance results as HP installations generate electricity during their operation. However, they fail to provide details on materiality thresholds or a breakdown of materials inputs accounted for. However, investigations by Pascale et al. (2011), Suwanit and Gheewala (2011) and Pehnt (2006) have presented results for a range of environmental impact categories, yet only the first study defined a 1 % materiality threshold, although the first two studies did provide detailed inventories of material contributions. Overall, LCA studies of HP installations have not been clear or consistent in their approach to setting boundary conditions. Using the detailed inventory data available from recent case studies, this study examines the impact of these decisions on providing accurate and relevant results that capture the environmental burdens of HP installations. This paper considers a number of HP project case studies to examine the effectiveness of LCA guidelines in accurately capturing the cumulative environmental burdens of a renewable energy system. The paper aims to answer two questions: (i) Does a 1 % materiality threshold capture at least 95 % of the key environmental burdens from cradle-to-operation? (ii) What is the effect of applying a 1 % materiality threshold based on the global warming potential (GWP) indicator for capturing other environmental impacts? The findings should inform the development of comprehensive inventories for future assessment of hydropower and other renewable energy systems in order to capture at least 95 % of selected environmental burdens, as required by ISO 14040.
Methods

Goal and scope definitions
This paper presents five distinct HP projects in the UK and Ireland-three run-of-river and two water supply infrastructure projects, each of which required a unique combination of material quantities, manufacturing processes, transportation and construction processes (Gallagher et al. 2015a, b) . The focus of the work presented in this paper was to consider eco-design in the construction of these HP installations. Therefore, a Bcradle-to-operation^scope was adopted to account for all environmental impacts up to the stage of generating electricity, accounting for the environmental hotspots for renewable energy generation (D'Souza et al. 2011; Suwanit and Gheewala 2011; Guezuraga et al. 2012 ; Axpo Kleinwasserkraft 2014).
Inventory for LCA case studies
To accurately assess the environmental burdens of all project components, materials and processes, a comprehensive and detailed inventory database was generated from two previous life cycle HP investigations (Gallagher et al. 2015a, b) . The information was extracted from a combination of detailed sources for the purpose of the LCA, including project reports, quantities spreadsheets and project design drawings from the clients, suppliers and projects contractors (Dŵr Cymru Welsh Water 2013; Fleming 2013; Ellergreen Hydro 2014; National Trust 2014a, b) . The data collected ranged from major components such as the turbine, steel reinforcement and concrete, to very minor contributions of rubber seals, steel fixings and paint. No available data on material inputs were excluded from the inventory. This ensured that the inventory represented as close as possible to 100 % of the project components for each HP project.
The database of environmental burdens relating to raw material extraction, product manufacturing and transport burdens was generated in MS Excel. The Ecoinvent v.3 database accessed via SimaPro 8.0 software was used to calculate the environmental burdens of the HP installations (Ecoinvent 2014) . This study followed ISO 14040 guidelines for LCA in terms of goal, scope and boundary definition (ISO 2006) . The inventory database for these five HP installations is included in Electronic Supplementary Material 1.
Environmental burden categories
The embodied environmental burdens were calculated for each product or component used in each of the hydropower projects. Five relevant environmental impact categories were selected: GWP, expressed as kilogram CO 2 equivalent; abiotic resource depletion (ARDP), expressed as kilogram Sb equivalent; acidification potential (AP), expressed as kilogram SO 2 equivalent; human toxicity potential (HTP), expressed as kilogram 1,4-DCBe equivalent; fossil resource depletion potential (FRDP), expressed as megajoule equivalent (CML 2010) . Supplementary details for these environmental categories are included in Electronic Supplementary Material 2. These categories were chosen as they represent the primary direct environmental burdens (human health, ecosystem quality and resources) associated with HP projects and have been previously presented in literature for renewable projects and water infrastructure projects (Bonton et al. 2012; Flury and Frischknecht 2012) .
There is a particular focus on GWP when evaluating renewable energy options (Kenny and Gray 2009; Rule et al. 2009; Monahan and Powell 2011) , reflecting the high priority afforded to climate change in policy and in corporate GHG accounting (Defra 2013) . GWP can be considered as Bthep rimary indicator used for reporting the environmental impacts of a system (Lee et al. 2015) . In this paper, we also explore the extent to which GWP correlates with other burdens and provides an appropriate basis for applying the materiality threshold.
Case study descriptions
Summary details for the five case studies are provided in Table 1 . In addition, the assumptions for this LCA study are outlined in Electronic Supplementary Material 3 and are based on comparable system boundaries across each project that account for all important contributory processes, including raw material extraction, manufacturing, transportation and construction.
Reference system
Natural gas combined cycle turbine (NG-CCT) power stations operating at 50 % conversion efficiency represent marginal electricity generation in the UK that is avoided by energy saving and renewable energy measures (DECC 2012). Therefore, 1 kWh of NG-CCT-generated electricity was taken as the reference system for comparison with 1 kWh of HP-generated electricity. Results presented in Gallagher et al. (2015b) show that, compared with the reference system, normalised life cycle environmental burdens for the HP electricity are reduced by as follows: >98 % for GWP; >97 % for FRDP; >92 % for AP. However, ARDP burdens were 243-693 % higher for HP than for marginal grid electricity, reflecting the comparatively large quantities of raw materials embodied in HP infrastructure per kilowatt hour of electricity generated. Results for HTP were mixed, ranging from a reduction of 57 % for the 90-kW project to an increase of 16 % for the 50-kW project. This demonstrated the varying quantities and types of materials used in the construction of different HP projects.
Materiality thresholds
A materiality threshold is generally adopted in LCA studies to define a limit for the inclusion of small material or energy contributors to the environmental burden of a product or service. PAS 2050 guidelines recommend that system processes are only accounted for where they contribute more than 1 % towards the total GHG emissions of the system's functional unit output (BSI 2011). Other guidelines, such as the Product Standard, suggest that all contributors less than 5 % can be excluded from the assessment (GHG Protocol 2011). For the case studies examined in this paper, the 1 % materiality threshold will be applied to determine the number of small components that are excluded and the consequences for environmental burden accounting. Alternative materiality thresholds of 0.25 and 0.5 % will also be applied (Gallagher et al. 2015a, b) , in addition to the guideline recommendation of 1 % (Rule et al. 2009 ).
Results and discussion
Materiality threshold assessment
Based on detailed inventories for each HP system, a 1 % materiality threshold was applied independently to each impact category across each of the HP installations ( Table 2) .
The results identify the percentage of each environmental burden that is omitted from the overall project due to the 1 % materiality threshold. PAS 2050 guidelines require the capture of 95 % of life cycle GHG emissions relating to the functional unit (BSI 2011). However, adopting the suggested materiality threshold leads to a cumulative omission of between 2.6 and 7.5 % for GWP, indicating exceedances of the 95 % target. Exceedances also occur for the ARDP, AP and FRDP environmental burdens, but not for HTP. An examination of the different project components showed how the materiality threshold could lead to the partial (e.g. material transport) or complete (e.g. wood materials) omission of specific categories of process, potentially overlooking significant material and energy contributions for these hydropower systems.
The number of components that contribute to the environmental burdens for run-of-river HP projects is much higher than for water infrastructure projects. This is due to the additional construction and pipework needed for a run-of-river installation, whereas water supply industry sites typically have existing infrastructural components in place, e.g. pipework.
As a previous LCA study by Gallagher et al. (2015b) adopted a 0.5 % threshold, an assessment of different thresholds (0.25, 0.5 and 1.0 %) was considered. The comparative results of this analysis are shown in Fig. 1 .
The results clearly demonstrated that adopting these different materiality thresholds leads to significant changes in the percentage omission of different environmental burdens for HP projects. Increasing the threshold incrementally increased the magnitude of environmental burden omission across all HP projects. The lower 0.25 and 0.5 % materiality thresholds ensured over 95 % of the environmental burdens were accounted for in each HP project.
The results suggest that the selection of a 0.5 % threshold can ensure that 95 % of the total environmental burdens are accounted for in the HP projects. However, the exclusion of project components using the 1 % materiality threshold does seem to be case-dependent with respect to its impact upon meeting the 95 % target. Therefore, simplifying the LCA process can omit significant energy and material contributions associated with the development of HP projects.
Standardised selection for environmental burden
Based on the five environmental burdens assessed in this study, GWP was considered to be the most widely applied and the most suitable category to use as a burden-specific proxy threshold for simplifying the LCA process. Another series of LCA calculations were made when project components were included based on a GWP materiality threshold of 1 %. The results presented in Table 3 define the change in environmental burden capture compared with burdenspecific 1 % materiality thresholds as outlined in the previous section.
The results included some notable differences in environmental burden omission when using GWP as the main burden for materiality thresholds. The 90-and 650-kW projects presented the largest changes between independent and GWPproxy materiality threshold results for ARDP, HTP and AP (9.6-19.1 % for the 90 kW and 5.3-8.0 % for the 650 kW). Only small changes of approximately 2 % were observed for FRDP based on adopting the proxy burden. The omission of the electrical wiring, specifically the copper component, due to it not meeting the GWP proxy threshold, led to the omission of significant ARDP and HTP burdens in particular, from the HP projects (data not shown).
Other marginal increases in the percentage of omitted project components can be noted from Table 3 . The exclusion of some steel and corrugated iron in the powerhouse of the 100-and 650-kW projects led to a poorer calculation of the total HTP burdens associated with these systems. In addition, minor decreases in FRDP for a number of the HP projects was caused by the omission of concrete-based materials (hardcore/ blinding) and site excavation works (fuel use). Overall, the results represent a mixture of increased and decreased completeness in the capture of environmental burdens when a GWP-proxy threshold is used. In fact, the GWP-proxy threshold performed well across all impact categories for the 140-kW HP project. These results indicate that the use of a proxy burden to determine materiality thresholds can introduce highly variable levels of inaccuracy across impact categories for LCAs of hydropower installations. Thus, the findings make it difficult to recommend universally robust, simplified LCA procedures that capture 95 % of system environmental burdens, even for relatively similar hydropower and renewable energy systems.
Finally, the impact of a GWP-proxy 1 % materiality threshold on comparison of normalised scores for HP electricity with reference NG-CCP electricity was evaluated (Fig. 2) . Overall, the normalised data showed that the AP (>92 %) and FRDP (>98 %) results were not affected by more than 1 % after applying the GWP-proxy 1 % threshold for inventory compilation. The results were relatively similar for HTP, with a difference of up to 6 % observed for some HP projects with and without application of the GWP threshold. However, comparative normalised ARDP scores of electricity generated by the 90-and 650-kW projects differed by up to 75 % (reducing from 235 to 160 % higher) and 48 % (reducing from 243 to 195 % higher), respectively. Thus, relatively small omissions in burden capture arising from the application of materiality thresholds can lead to large differences in normalised scores for impact categories with comparatively poor performance, namely ARDP for hydropower projects.
Relatively minor project components, comprising raw materials and processes, can cumulatively make a significant contribution to the environmental burdens of HP projects. Application of materiality thresholds during the life cycle inventory phase can lead to the omission of significant environmental burdens, especially if these thresholds are based on a single impact category. Whilst it is convenient to use a single impact category such as GWP to define system boundaries and simplify the LCA process for hydropower systems, care must be taken to avoid the omission of components such as wiring (specifically copper), some steel/iron components and fuel usage for excavation machinery which can make significant contributions to other impact categories such as HTP and ARDP.
Conclusions
LCA is an important technique to quantitatively compare the environmental performance of hydropower installations with fossil fuel-based electricity. Currently, reporting the embodied environmental burdens for renewable or conventional energy infrastructure is not mandatory in some GHG accounting guidelines. Accurate environmental assessment and improvement of energy systems requires accounting for burdens embodied in all components and wider infrastructure.
The results clearly showed that a 1 % threshold applied independently for each impact category led to an underestimation of up to 7.5 % in the environmental burdens calculated for HP projects. This owed to the omission of a significant number of minor components. The use of a GWP-specific threshold to determine inventory inclusion across all impact categories led to a 19 % underestimation in the ARDP burden for a 90-kW HP installation, primarily through the omission of copper wiring. This equated to a shortcoming of up to 75 % for some case studies when comparing normalised results with natural gas combined cycle generated marginal grid electricity.
Adopting a materiality threshold based on a single impact category is a convenient and practical way to select components for inventory inclusion and to simplify the LCA process. However, it can lead to significant underestimation of environmental burdens for HP systems. Adopting current materiality thresholds, i.e. 1 % as advised by carbon footprint guidelines such as PAS2050, presents the potential for an underestimation of the environmental burdens for other renewable energy systems. A lower materiality threshold of 0.5 % can ensure that the 95 % threshold is achieved for GWP and all the other environmental burdens assessed in this study. Table 3 Percentage of impact category burdens omitted after application of a GWP-specific 1 % materiality threshold across run-of-river and water infrastructure HP projects, and percentage change from burden-specific 1 % materiality thresholds reported in Table 2 Project size
No. of project components
Percentage contribution omitted by using proxy burden and differences (+ or −) from 1 % thresholds for independent burdens >1 % Total ARDP, % (%) AP, % (%) HTP, % (%) FRDP, % (%) Fig. 2 Normalised impact category scores for NG-CCT reference system plotted against a original burden contributions (Gallagher et al. 2015a; Gallagher et al. 2015b ) and b GWP-proxy 1 % materiality threshold burdens for each HP installation (compared per kWh generated over project lifespan)
